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ABSTRACT

The increasing interest in the oxidation of sp® C-H and O-H bonds has garnered
tremendous attention due to its potential for facile production of oxygenated organics.
Precious metal-free bimetallic hydroxide-based materials are commonly employed in
various applications such as batteries and photocatalysts. However, their prospects in
C-H activation reactions have been poorly explored. This research focuses on the
development and evaluation of a bimetallic Fe-Mn hydroxide catalyst for aerobic C-H
activation and O-H oxidation reactions without the need for an initiator. The Fe-Mn
hydroxide catalyst was synthesized and carefully optimized to enhance its catalytic
efficiency in the direct oxygenation of a wide scope of alkylarene compounds through
C-H functionalization and oxidation of benzylic alcohols. A series of Fe-Mn bimetal
hydroxides with different Fe/Mn ratios were synthesized using a customized chemical
co-precipitation method. These catalysts were then tested for the catalytic oxidation of
fluorene to fluorenone using molecular oxygen as the sole oxidant, with the
FeosMno4(OH)y-12S catalyst demonstrating the best performance. Under mild
reaction conditions, the catalyst exhibited remarkable performance in activating C-H
bonds using molecular oxygen as the oxidant. Various substrates, including
alkylarenes and alcohols, were investigated, consistently yielding high yields of
oxygenated products with minimal catalyst loadings. XRD, XPS, XANES, ICP-MS,
BET, and TGA were employed to gain insights into the structural features of the
catalyst. Our findings indicate that the following structural properties of the optimized
Feo.sMno.4(OH)y-12S catalyst could be responsible for the currently observed enhanced
catalytic reactivity: i) unique Mn oxidation state (ca. Mn?®*), ii) Fe cationic sites

containing a mixture of Fe?* and Fe3* species, where Fe3* species are the dominating



species, iii)realtively low specific surface area of 68 m?/g, iv) relatively disordered and
defective crystal structure comprised of bimetallic hydroxides as well as additional
oxide/oxyhydroxide phases, v) residual Na* surface species enabling electronic

promotion of the cationic active sites via electron donation.

Keywords: Bimetallic hydroxide catalyst, aerobic oxidation, C-H activation,

heterogeneous catalysis, alkylarenes.



OZET

Literatiirde sp® hibritlesmesine sahip olan C-H baglarinin dogrudan oksijenlenmesiyle,
yukseltgenmis iirlinlere kolayca ulagsma potansiyeli, biiyiik ilgi gérmektedir. Cift
metalli hidroksit tabanli malzemeler, pil ve foto kataliz gibi ¢esitli uygulamalarda
yaygin olarak kullanilmaktadir. Ancak, bunlarin C-H aktivasyon reaksiyonlarinda
kullanimi yaygin degildir. Bu arastirma, bagka bir oksitleyici maddeye ihtiyag
duyulmadan, dogada bolca bulunan, zararsiz ve ucuz molekiiler oksijen ile aerobik
kosullarda C-H aktivasyon reaksiyonlari igin ¢ift metalli Fe-Mn hidroksit tabanli
katalizorlerin gelistirilmesi ve incelenmesine odaklanmaktadir. Fe-Mn hidroksit
katalizorii, organik bilesiklerin C-H fonksiyonalizasyonu yoluyla dogrudan
oksijenlenmesinde katalitik verimliligini artirmak igin sentezlenmis ve sistematik bir
sekilde optimize edilmistir. Farkli Fe/Mn oranlarina sahip bir dizi Fe-Mn ¢ift metalli
hidroksit, hem kimyasal ¢okeltme yontemi hem de solvotermal yontem kullanilarak
sentezlenmistir. Bu katalizorler, daha sonra molekiiler oksijenin oksitleyici olarak
kullanildig1 reaksiyon ortaminda fluoren molekiiliiniin Kkatalitik oksidasyon
tepkimesinde kullanilmis ve FeoeMno4(OH)y-12S katalizoriiniin en iyi performansi
sergiledigi goriilmiistiir. Hafif reaksiyon kosullari altinda, katalizor, molekiiler
oksijeni kullanarak C-H baglarini etkin bir sekilde aktive etmistir. Alkil arenler ve
alkoller de dahil olmak {izere, cesitli substratlar incelenmis ve minimum kataliz yiikleri
ile siirekli olarak oksijenli iiriinlerin miikemmel verimleri elde edilmistir. Katalizoriin
yapisal ozelliklerine iligkin bilgileri elde etmek i¢in XRD, XPS, XANES, ICP-MS,
BET, ve TGA gibi kapsamli karakterizasyon teknikleri kullanilmistir. Sonugclar,
hidroksit yapisi i¢indeki Fe ve Mn tiirleri arasinda sinerjistik bir etkilesimin oldugunu

ortaya koymus ve bu durumun katalitik performansa katkida bulundugunu



gostermistir. Bu ¢alisma, etkili ve siirdiiriilebilir aerobik C-H aktivasyonu i¢in ¢ift
metalli Fe-Mn hidroksit katalizorlerinin 6nemli potansiyelini vurgulamakta olup

organik sentezde ¢evre dostu oksidasyon reaksiyonlari i¢in yeni firsatlar sunmaktadir.

Anahtar Kelimeler: Cift metalli hidroksit katalizorler, aerobik oksidasyon, C-H

aktivasyonu, heterojen kataliz, alkilarenler.
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CHAPTER 1

1. Introduction

1.1. Heterogenous Catalysis

Catalysis plays an immensely significant role across the foundational sciences,
encompassing disciplines such as chemistry and biology. Consequently, the field of
catalysis has emerged as one of the most crucial branches of chemistry in recent years.
Due to its extensive adoption in industrial processes, catalysts play a pivotal role,
constituting a significant 85-90% of the industrial sector. Catalysts deal with reaction
rates and activation energies. The primary function of a catalyst is to reduce the
activation energy required for a chemical reaction by altering its reaction pathway,
remaining unaffected and expended in the process. The existence of a catalyst
facilitates the conversion of a substantial quantity of reactants into desired products
even when only a small quantity of catalyst material is present. Furthermore, the
reaction proceeds under milder conditions than those necessitated by the
stoichiometric reaction pathway.[*®l Catalytic processes can proceed either
homogeneously or heterogeneously. In heterogeneous catalysis, the catalyst is in a
different phase than the reactant; typically, the catalyst itself is in the solid phase
whereas the reaction proceeds in either gas or liquid phase. While homogeneous
catalysis offers numerous advantages, it typically relies on pH conditions and, at times,
exhibits lower efficiency and environmental friendliness in comparison to
heterogeneous catalysis. In addition to these considerations, heterogeneous catalysis

faces a range of challenges, including deactivation due to chemisorption of certain



elements (e.g., S, P, Cl), the potential toxicity of certain metals (e.g., As, Pb), or the
accumulation of carbon-containing species (e.g., CO, unsaturated hydrocarbons)
during the course of the reaction. ! Consequently, approximately 80% of catalytic
processes involve heterogeneous catalysis,! by making it a pivotal branch within the
field of chemistry. Heterogeneous catalysts are primarily selected for their ease of
separation from the reaction medium, their ability to function in a wide range of pH

environment.

In a typical heterogenous catalytic process, the reaction proceeds on the surface of the
catalyst. Consequently, absorption, which refers to the interaction between a particle
and a solid surface or another phase, plays a crucial role. During a chemical reaction,
some of the existing bonds break, and replaced with new bonds. During the catalytic
reaction, molecules can migrate and diffuse on the surface, leading to the creation of
transition states, intermediates, and eventually products which subsequently released

desorb from the catalyst surface. [

1.2. Metal Hydroxide Structures as Catalysts

In heterogeneous catalysis, catalyst formulations containing metallic active sites are
commonly employed. Particularly, systems involving metals or metal oxides on metal
oxide supports, such as Pt/Al,O3 or, for instance, Au@TiO2,® have found numerous
applications. In addition to metal oxide systems, there is a growing interest in metal
hydroxide systems. For instance, metal hydroxides on metal oxide systems such as
Ru(OH)x /Al,O3 can be employed for the oxidative dehydrogenation of alcohols and

primary amines to the corresponding carbonyl compounds (aldehydes and ketones)



and nitriles.®] While hydroxide structures can easily transform into oxide or
oxyhydroxide structures at high temperatures, they can still be utilized under mild
reactions condition such as low temperatures, moderate pH, and moderate reactant

concentrations.

Furthermore, platinum group metals (PGM) find extensive use in heterogeneous
catalysis. However, they are associated with certain drawbacks, including scarcity,
which results in high costs, and susceptibility to sulfur poisoning. Consequently, it
becomes imperative to explore alternative PGM-free catalysts as a means to
circumvent these challenges. Metal hydroxide-based catalysts typically consist of non-
precious transition metals. Thus, these systems can be prepared without the reliance
on PGM while still delivering high catalytic performance, rendering them a more
environmentally friendly and cost-effective choice. Additionally, due to the multiple

valence states of transition metals, they offer a wide range of redox chemistry.

By employing careful designs, including the consideration of surface characteristics,
morphological attributes, and solid-state properties of metal oxides, it is possible to
meet the requirements and prerequisites for catalyzing complex heterogeneous
reactions effectively. Consequently, it becomes highly significant to conduct a
comprehensive analysis of the relationships between structural properties and the
catalytic activity of these materials, aiming at the development of stable, highly active,
selective, and environmentally friendly “green” catalysts. It is worth noting that metal
oxides exhibit a diverse range of types, each distinguished by unique structures and

properties. [1%



Mixed-metal oxides incorporate more than one type of cation within their structure.
The presence of at least two distinct types of metals may lead to favorable catalytic
behavior due to the cooperation of multiple active sites, synergistic electronic effects,
and unusual geometric/morphological/crystallographic properties. These may include
the presence of catalytic active sites with multiple oxidation states, variable local
coordination of the active sites, coexisting bulk and surface phases, as well as different

surface termination functionalities such as M—OH, M=0, or M—O-M.[11]

Iron oxide-based materials emerge as favorable catalysts due to their cost-effectiveness
and efficiency. For example, Cornell and Schwertmann’s studies on a particular Fe
catalyst has identified 16 distinct pure phases, including Fe(OH)s, Fe(OH),
FesHOsg-4H,0, Fesz0as, FeO, five polymorphs of FEOOH and four of Fe,Os. These
structures typically adopt a crystalline phase that predominantly features trivalent iron
cations and exhibit low solubility.[*?l Research conducted by Miyata et al. in 1978
demonstrated that iron oxyhydroxide materials, specifically B-FeOOH, can serve as
efficient catalysts for the reduction of 4-nitrotoluene using hydrazine hydrate as a
reducing agent. In oxidation/reduction and acid/base reactions, magnetite (FesO4) and
hematite (Fe.Oz) are commonly preferred iron oxide catalysts. Additionally, iron
oxide, often in combination with other metal oxides, has displayed remarkable
catalytic activity in various processes,*? including oxygen evolution reaction (OER),
water splitting, chlorine evolution, oxidation of organic molecules, oxygen reduction
reaction (ORR), and hydrogen peroxide decomposition, albeit with some stability
challenges. Furthermore, iron oxide-promoted catalysts have demonstrated their

efficacy in acid catalysis, 2-propanol dehydration, and cumene dealkylation, with



performance influenced by the Fe,Os content.’3] Heterogeneous catalysts based on
magnetic mixed iron oxides (MO- Fe;O3; M: Fe, Co, Cu, Mn) have also found
application in the discoloration of various synthetic dyes. 231 A similar scenario can
be observed with manganese-based oxides. Manganese oxides find their most
prevalent application in oxidation catalysis.[**! When combined with other transition
metal elements, manganese oxides serve as exceptionally active and thermally stable
catalysts for the oxidation of a wide range of organic compounds.[*® Former studies
have demonstrated that these catalysts are capable of facilitating reactions at
considerably lower temperatures compared to noble metal-based catalysts. 4% In
light of these information, through synthetical roots, precious metal-free hydroxide
systems can be fine-tuned to possess distinctive structures, morphology, electronic and
magnetic properties to catalyze low-temperature reactions.

The key advantage of hydroxide-based catalyst systems lies in their ability to possess
both Lewis acid and Bronsted base pair sites on the same metal sites. 18 This allows
for the activation of various types of substrates through the cooperative action of the
Lewis acid and Bronsted base pair sites.!®! As a result, for over a century, metal
hydroxides and mixed metal hydroxides have found applications in diverse areas such
as battery technologies, electrocatalysis, electrosynthesis, photocatalysis,

supercapacitors, electrochromic devices, and electrochemical sensors. [7]

Recently, there has been a significant focus on 2D transition-metal-based layered
double hydroxide (TM-LDH) nanosheets as heterogeneous catalysts or precursors. [l
This attention stems from their versatility in chemical composition, cost-effectiveness,
readily available precursor sources, high catalytic activity, and stability. Most TM

LDHs are synthesized as layered nanomaterials, comprising host layer metal ions and



interlayer anions. They offer flexible tunability of chemical composition and

adjustable structural characteristics. [1*-2%!

A notable structural trait of LDH materials is uniform distribution of M?" and M3*
cations within the hydroxide layers, avoiding formation of clusters. The crystal
structure unit of the host layer consists of edge-sharing metal hydroxide octahedra,
formed through the coordination of metals, primarily including divalent metal cations
and trivalent metal cations along with the six hydroxide groups. 4 The interlayer
anions (A™) encompass both inorganic anions and organic species, such as COs*",
S0O4>", OH—, Cl-, NOs", sodium dodecyl sulfonate (SDS), among others. TM LDHs
are expressed as [M2* (M3 (OH)2](A™)xn-mH20. 2! Figure 1 illustrates the
structure of a carbonate-intercalated LDH. The chemical composition of TM LDHs
can be adjusted by varying the M2*/M3* ratio and the type of metal cations or interlayer

anions, leading to diverse structures.
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Figure 1. Carbonate-intercalated Layered Double Hydroxides with diverse M?*/M3*

molar ratios exhibit the arrangement of metal hydroxide octahedra stacked along the



crystallographic c-axis, accompanied by water and anions within the interlayer

regions. (25

Another appealing aspect of LDHSs, particularly in catalysis, is their ability to transform
into high surface area mixed metal oxides (MMOs) upon calcination. These materials
generally exhibit a high surface area, making them excellent supports for catalytically
active species. Moreover, if the LDH precursors contain transition metal ions, these
metals can undergo in situ reduction to produce catalytically active metal particles,
which are supported on the remaining metal oxide phase. [ For these reasons, they
find widespread use as catalysts, particularly in electrochemical conversion reactions,
including OER, ORR, and hydrogen evolution reaction (HER). LDH structures can
also manifest as ternary CoFe;—xMnyx (0 < x < 1) LDHSs, which have proven to be
efficient catalysts for OER and urea oxidation reaction. >4 Beyond their catalytic
applications, LDH structures have diverse utility. For instance, Dipali et al.
demonstrated that manganese—iron-layered double hydroxide (MnFe-LDH) can serve
as materials for asymmetric supercapacitors. (261 In another study, it was shown that
these MnFe-LDHs can function as a theranostic nanoplatform, exhibiting pH-

responsive MRI contrast enhancement and pH-responsive drug release capabilities. 271

Hydroxide-based materials have remained relatively unexplored in the context of C-H
activation. Recently Ozensoy and Turkmen et al. demonstrated that the NiMn-LDH-
based Nio.sMno.4(OH)y structure can efficiently catalyze aerobic C-H oxidation at low

temperatures, even with very low catalyst loadings.?®!



1.3. C-H Activation Reactions and Importance of Aerobic C-H Activation

Molecular synthesis is fundamentally rooted in the transformation of pre-existing
functional groups into one another, a process that often entails a significant number of
steps. The acquisition of these functional groups typically demands a substantial
number of synthetic steps. Over the past two to three decades, there has been notable
interest in the catalytic functionalization of previously unactivated (sp®) C—H bonds
across various fields of chemistry.

C-H activation reactions hold great importance because they can yield valuable
products such as alcohols or carbonyl-containing groups. This transformation is also
economically efficient, as it can occur in a single step without the need for prior
functionalization. However, catalyzing the oxidation of C-H bonds is challenging due
to their inherent resistance to oxidation, stemming from the large kinetic barrier
associated with C-H bond cleavage and the relatively nonpolar nature of these bonds.
[29-36]

An important subclass of C-H activation reactions is C-H oxidation reactions. The
development of heterogeneous catalytic systems for C-H oxidation reactions lags
behind their homogeneous counterparts in terms of reactivity and selectivity. 71
Nonetheless, among the various catalytic approaches for C—H oxidation reactions,
those utilizing nonprecious, abundant transition-metal salts or complexes as catalysts
and molecular oxygen as the stoichiometric oxidant hold particular appeal from both
environmental and economic perspectives. In this context, there is a compelling need
for reusable heterogeneous oxidation catalysts composed of nonprecious metals,
capable of operating under mild reaction conditions, with minimal catalyst loading,

and employing an environmentally friendly oxidant.



In traditional oxidation reactions, the most employed oxidants often consist of
dissolved salts of redox-active metals, such as Jones' reagent (chromium trioxide in
sulfuric acid), pyridinium chlorochromate (PCC), or peroxides. 8 However, owing to
environmental concerns associated with the toxic nature of these chemicals, research
efforts have turned toward greener oxidants. Consequently, the development of a new
oxidation method capable of utilizing environmentally friendly oxidants can offer
advantages in economic and ecological contexts. 3839

Molecular oxygen (O2) has been demonstrated to outperform other oxidants, including
HNOs3, Cl,, CrOg, organic hydroperoxide/peracid, and H202, in terms of both economic
and environmental aspects. [“% Its cost-effectiveness, cleanliness, and ready
availability in nature have made it a highly attractive candidate as the primary oxidant.
Nonetheless, the use of molecular oxygen presents various challenges. With a nominal
bond length of 1.208 A and a bond dissociation energy of 497 kJ/mol, the O=0O bond
can be either extended or broken when coordinated to a catalytic center. However, in
its triplet ground state, it does not readily form reactive oxygen species such as
peroxides, hydroxy radicals, or singlet oxygen. Thus, it necessitates activation by a
highly efficient catalyst. 1]

In a pioneering work led by Ley and co-workers in 1997, it was reported that the
polymer-supported perrhenate (PSP) could be utilized in the aerobic oxidation of
alcohols. However, this catalyst faced challenges due to the oxidative degradation of
the polymer support. Within a short timeframe, the same authors developed an
effective alternative support using mesoporous silicate (MCM-41) and demonstrated

the recyclability of this catalyst in aerobic oxidation reactions. [2]



More recently, Ma and co-workers introduced an iron nitrate/TEMPO-catalyzed
aerobic oxidation, incorporating an inorganic ligand like NaCl. This approach
exhibited remarkable efficiency at room temperature and successfully converted
various alcohols containing different unsaturated carbon—carbon bonds into ketones
with high efficiency. 1!

Recent literature shows a variety of heterogeneous catalysts, including metal oxides,
microporous/mesoporous materials, carbon-based materials, supported metals or metal
complexes, and metal-organic frameworks, for conducting aerobic oxidative C—H
reactions. (41 Despite the advantages these catalysts offer in terms of recovery and
recycling, challenges persist due to the harsh reaction conditions, including high
reaction temperatures, elevated O pressures, and the use of additives such as radical
initiators and strong bases. These conditions impose significant limitations on activity,
selectivity, and scope. As a result, the ongoing efforts in research continue to focus on

the development of novel heterogeneous catalysts capable of catalyzing oxidative C—H

functionalization reactions in the presence of molecular oxygen.

As an example of a reaction illustrative of C-H activation, fluorene oxidation can be
utilized. This transformation has been previously investigated using different types of
oxide/hydroxide catalysts. In 2017, nano perovskite structures (SrMnQOs) with a
relatively high specific surface area were demonstrated to be effective in aerobic
oxidation reactions. M In 2018, a transition metal-containing manganese oxide
nanoparticle catalyst system (Ni-MnOy) was utilized to perform the transformation.
(461 Then, in 2019, Co-Cu bimetallic oxides prepared via the sol-gel method exhibited
superior performance in catalytic fluorene oxidation compared to pure copper or cobalt

oxides. ¥V A year later, the same bimetallic oxide structure, synthesized with a hard

10



template method to achieve a higher specific surface area, demonstrated enhanced
catalytic activity in the same reaction. “ With our ongoing efforts to find an
oxide/hydroxide based catalytic system, recent research by our group has shown that
LaMnOs-based perovskite catalysts, as well as Ni-Mn based mixed metal hydroxides
with a LDH structure, can be highly effective catalysts for the aerobic oxidation of
fluorenone. 283 |t is worth mentioning that this transformation is not merely a model
oxidation reaction; the oxidation product of fluorene, fluorenone, finds widespread
applications in various fields, including organic solar cellsi*’l, polymer®™, dyel

pharmaceuticals®, electrochemistry®® and optical materials®l.

In light of all these considerations, the current research focuses on the development of
a Fe and Mn-based bimetallic hydroxide catalyst structure to efficiently catalyze

aerobic oxidation reactions.
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CHAPTER 2

2. Experimental Section

2.1. Materials

All metal precursors and chemicals, Fe(NO3)3.9H20 (=98% purity), Mn(NO3)2.4H20
(>97% purity) and NaOH (>98% purity, solubility in water: 1260 g/L at 20 °C) were

purchased from Sigma Aldrich.

2.2. Synthesis of the catalysts

In pursuit of an optimized catalyst for the C-H activation reactions, various synthetic
parameters were investigated along with the synthetic method. The minimum
calculated nominal stoichiometric concentration of NaOH(aq) for the complete (i.e.,
stoichiometric) reaction was 2.06 M. For the sake of simplicity, 2.06 M will be referred

as “S” in the forthcoming sections.

2.2.1. Synthesis Methods: Hydrothermal vs Coprecipitation

The Feo.sMno.4(OH)y catalyst synthesized in a 12S NaOH solution was investigated for
the comparison of hydrothermal and chemical precipitation synthesis methods.

2.2.1.1. Hydrothermal Synthesis Method

For hydrothermal synthesis (Scheme 1), calculated amounts (as outlined in Table 1) of
Fe(NO3)3.9H,0 and Mn(NO3)2.4H,0 were dissolved in 20 ml deionized water. In a
separate beaker, the appropriate amount of NaOH (Table 2) was dissolved in 20 ml
deionized water. The precursor solutions were subjected to stirring at 600 rpm and 400
rpm respectively. Prior to mixing, stirring rate of NaOH(aq) was increased to 1500

rpm and the solution containing the metal precursors was introduced onto the
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vigorously stirred NaOH(aq). The mixture was stirred at this elevated stirring rate for
1 min. Subsequent to this step, the solution was left to mix for an additional hour of at
600 rpm. At the end of 1 h, the solution was transferred to a teflon line which was
subsequently inserted into an autoclave and exposed to a 3 h heating process at 120 °C
in a drying oven. The mixture was washed with deionized water 6 times for 3 min each
at a rate of 6000 rpm in 4 different 15 ml centrifuge tubes. As the last step, the washed

mixture was dried in a beaker at 60 °C for 24 h to obtain the powder catalysts samples.

FE(NO3)3.9H20 - NaOH(aq) NaOH(aq)
+ in 20 mL DI 1500 rpm FeXMn(l_X_)(OH)y
Mn(NO,),.4H,0 400 rpm Solution
in 20 mL DI 30 min 600 rpm, 1 h

120 °C
3h

600 rpm -
30 min Fe,Mn(,.(OH),
——) Solution in  m—)
Teflon line
autoclave
<
.

=,

Wash n times with DI
@ 6000 rpm , 3 min

Dry @ 60 °C,
24 h in beaker

—

Scheme 1. Schematic representation of FexMn.x(OH)y synthesis via chemical

hydrothermal method.

13



2.2.1.2. Coprecipitation Synthesis Method

In the coprecipitation method, (as depicted in Scheme 2), calculated amounts (Table
1) of Fe(NO3)3.9H20 and Mn(NOs)2.4H20 are dissolved in 20 ml deionized water. In
a separate beaker, the appropriate amount of NaOH (Table 2) was dissolved in 20 ml
deionized water. The precursor solutions were subjected to stirring at 600 rpm and 400
rpm, respectively. Prior to mixing, stirring rate of NaOH(aq) was increased to 1500
rpm and the solution containing the metal precursors was introduced onto the
vigorously stirred NaOH solution. The mixture was stirred at this elevated stirring rate
for 1 min. Subsequent to this step, the solution was left to mix for an additional hour
at 600 rpm. At the end of 1 h, the mixture was washed with deionized water 6 times
for 3 min each at a rate of 6000 rpm in 4 different 15 ml centrifuge tubes. As the last
step, the washed mixture was dried in a beaker at 60 °C for 24 h to obtain the powder

catalysts samples.
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Scheme 2. Schematic representation of FexMn.x(OH)y synthesis via chemical

coprecipitation method.

2.2.2. Synthesis Parameters
2.2.2.1. Nominal Metal Cation Mole Ratio

In order to achieve the optimized iron-manganese hydroxide catalyst, the samples were
synthesized through the chemical coprecipitation method. This choice stemmed from
the outperforming catalytic activity exhibited in aerobic fluorene to fluorenone
oxidation reactions by the catalysts synthesized using the chemical coprecipitation
method. Throughout these experiments, the NaOH(aq) concentration was maintained
constant at relatively high concentration 12S while the ratio between iron and

manganese was varied as shown in Table 1.
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Mass of Mass of Mass of
Sample Fe(NO3)3.9H20 | Mn(NOs3)2.4H20 NaOH (g)
() () (12S =24.71 M)

Mn(OH)y, - 5.171 19.77
Feo.1Mnoo(OH)y 0.6656 3.722 19.77
Feo2Mnog(OH)y 1.331 3.308 19.77
FeosMno.7(OH)y 1.997 2.895 19.77
Feo.sMnos(OH)y 2.662 2.481 19.77
FeosMnos(OH)y 3.329 2.068 19.77
Feo.sMno.4(OH)y 3.995 1.655 19.77
Feo.7Mno3(OH)y 4.660 1.241 19.77
FeosMno2(OH)y 5.326 0.827 19.77
Feo.sMno.1(OH)y 5.992 0.414 19.77

Fe(OH)y 5.548 - 19.77

Table 1. The amounts of precursors used in the chemical coprecipitation synthesis

method.

2.2.2.2. NaOH(aq) Concentration

Experiments carried out with nominal metal cation mole ratios demonstrated that
Feo.sMno.4(OH)y catalyst exhibited the highest catalytic activity in the aerobic fluorene
to fluorenone oxidation. Keeping this metal cation ratio, NaOH(aq) concentration used

in the chemical coprecipitation method was varied. Catalyst samples were prepared
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using NaOH(aqg) concentrations of 1S, 3S, 6S, 9S, 12S, and 15S. Notably, 1S
corresponds to the minimum stoichiometric NaOH concentration required for the
complete reaction while 15S represents saturation concentration of NaOH at room
temperature in water. Additionally, to see the effect of Na presence, same synthesis
with FegsMno.4(OH)y catalyst sample was carried out with 12S KOH concentration

rather than NaOH.

Stoichiometry Molarity Moles NaOH (gr) | KOH (gr)
1S 2.06 0.0411 1.65 -
3S 6.18 0.1236 4.94 -
6S 12.36 0.2471 9.88 -
9S 18.53 0.3707 14.83 -
12S 24.72 0.4942 19.77 27.73
15S 30.89 0.6178 24.71 -

Table 2. The amounts of NaOH used in the chemical coprecipitation synthesis method

with different stoichiometric ratios.

2.2.2.3. Number of Washing Cycles

To investigate the impact of residual Na* ions on the catalytic aerobic oxidation of
fluorene to fluorenone, the FeosMno.4(OH)y catalyst was synthesized with varying

numbers of subsequent washing cycles as one, three and six times.
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2.3. Instrumentation
2.3.1. X-Ray Powder Diffraction (XRD)

Diffraction measurements of the catalyst were conducted by placing the powder
samples onto an XRD holder. A PANalytical (X’Pert PRO) multipurpose X-Ray
Diffractometer equipped with a Cu Ka (1.5405 A) X-Ray source, operating at 45
kV/40 mA, was utilized to obtain XRD patterns in the 10-80° 20 operational angle

range with 0.02° s! step resolution.
2.3.2. N2 Adsorption-Desorption Measurements

The specific surface area (SSA) values of the catalysts were determined using a
Micromeritics Tristar3000 surface area and pore size analyzer. N2 adsorption-
desorption measurements were conducted at 77.4 K using 5-point low isothermal
adsorption and the Brunauer, Emmett, and Teller (BET) method. Prior to the
measurements, the powder catalysts were placed in measurement tubes and subjected
to overnight outgassing at 130°C under vacuum to ensure accurate sample weight

determination.
2.3.3. X-Ray Photoelectron Spectroscopy (XPS)

The X-Ray photoelectron spectroscopy measurements were done by using Thermo
Scientific K-alpha spectrometer equipped with an Al Koo micro monochromatic source
(with 1486.6 eV and 400 mm spot size). The powder samples were placed on copper
tape for XPS measurements. The survey spectra were recorded with 2 scans with a
pass energy of 200 eV, whereas high resolution spectra were recorded with averaging

20 scans with a pass energy of 30 eV and flood gun was used for charge compensation.
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2.3.4. Thermal Gravimetric Analysis (TGA)

TA TGA Q500 instrument was used to perform thermal gravimetric analysis (TGA)
measurements. A mass of 7 mg of the catalyst was subjected to a linear temperature
ramp of 10 °C/min under a flow of 60 mL/min N2(g) from room temperature up to 950

°C.

2.3.5. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

Elemental compositions of the synthesized powder catalysts were measured with an
Agilent 7700x Inductively Coupled Plasma Mass spectrometer (ICP-MS). Calibration
solutions were prepared with standard solutions of Fe and Mn separately in 2 % w/w
HNOz3(aq) to obtain a calibration curve. Each catalyst was dissolved in concentrated
HNOs3(aqg) and sonicated for 10 min. Prior to ICP-MS measurements, the solutions
were diluted to set the concentration 5 ppm for each metal. Each measurement was
repeated 5 times. Standard deviations in ICP-MS measurements from the mean values

were typically smaller than 5% and 10% for Mn and Fe, respectively.

2.3.6. X-Ray Absorption Near Edge Spectroscopy

X-Ray Absorption Near Edge Structure (XANES) measurements were conducted at
the BMO08 - XAFS/XRF (X-ray Absorption Fine Structure/X-ray Fluorescence)
beamline of SESAME (Synchrotron-Light for Experimental Science and Applications
in the Middle East, located in Allan, Jordan). The monochromator was configured to
an energy specific to each element, Mn-K (6539 eV) and Fe-K (7112 eV). The XANES
regions were acquired with resolutions of 0.2 eV in transmission mode. For each

sample, a minimum of two subsequent spectra were collected for the improvement of
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signal to noise ratio (S/N). For energy calibration purposes, XANE spectra of metallic
foils of Fe and Mn were measured, along with (Fe(NO3)3.9H>0 and Mn(NOz3)..4H>0
salts. Following the data collection, further analysis including merging and

normalization were executed using the Athena software package.

2.4. Catalytic Activity Measurements

Catalytic activity measurements were carried out in collaboration with Dr. Yunus
Emre Tiirkmen’s research group. Thus, the catalytic performance tests were conducted
at the Tirkmen research group laboratory. The catalytic activity measurements were

carried out by Eyliil Calikyilmaz and Suay Bilgin from Tiirkmen Research Group.

Appropriate quantities of catalysts (as given in the activity plots) and 2.0 mL of
heptane were placed in 25-mL oven-dried Schlenk flask. Subsequently, the flask was
first washed and then filled with 1 bar of O2(g) for aerobic oxidation reactions. The
Schlenk flask was sealed with grease and a stopcock. The reaction vessel was stirred
at 400 rpm for 24 h (for time-dependent measurements, the corresponding time values
are stated explicitly in the given plot) in an oil bath at temperatures specified in the
activity plots and tables. At the end of the reaction, the mixture was taken when it had
reached room temperature and was diluted with ethyl acetate (EtOAc). Using the
column chromatography technique with Celite as the stationary phase, the catalyst was
separated. Catalytic activity of the of the catalysts were investigated through

conversion values which were calculated via *H-NMR spectroscopic analysis.
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CHAPTER 3

3. Results and Discussion

3.1. Catalytic Activity Performance Measurements

As mentioned earlier, the influence of three distinct synthetic factors were investigated
in the catalytic activity tests: i) the stoichiometric nominal metal cation mole ratio of
Fe/Mn, ii) NaOH concentration, and iii) the number of washing cycles. Following the
analysis of the effects of these synthetic variables, catalytic performance tests were
carried out regarding the additional promotional effects of alkali metals. As described
in detail in Section 2.4., aerobic fluorene oxidation to fluorenone reaction was
performed to compare catalytic activities of different catalysts. Forthcoming sections

will provide detailed discussion on the impact of each of these parameters.

3.1.1. Effect of Nominal Metal Cation Mole Ratio

To find the optimal iron-manganese based hydroxide catalyst, optimal metal loadings
for iron and manganese were explored. Using various amounts of metal precursors
(Table 1) with the chemical coprecipitation method, where the NaOH concentration
was kept constant at 12S, catalytic measurements were performed. NaOH
concentration was kept at a relatively high concentration mainly because most metal
precursor solutions, such as that of iron, are quite acidic. To form the hydroxides, first
the acidity needs to be neutralized only then the metal centers can be hydroxylated.

All these measurements were done with 10 mg of catalyst loading.

The results of these catalytic measurements (Figure 2) revealed that two benchmark

monometallic catalysts (i.e., Fe(OH)y and Mn(OH)y) exhibit the lowest catalytic
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activity. Addition of just 0.1% Fe active sites to the monometallic Mn(OH)y catalyst
results in catalytic activity increase of over 5-fold, whereas addition of 0.1% Mn sites
to the monometallic Fe(OH)y catalyst results in an improvement of nearly 2-fold. In
both cases, transition from monometallic hydroxides to bimetallic structures leads a
significant enhancement in aerobic fluorene oxidation suggesting a synergistic effect
between Fe and Mn active sites in the FexMn.x)(OH)y catalysts. As can be concluded
from the Figure 2 , by varying the relative metal loadings, the performance of the
catalyst can be fine-tuned. Excluding the Feo4Mnog(OH)y catalyst, the relative metal
loading ratio demonstrates a trend of a volcano-type in terms of catalytic activity. The
highest catalytic activity in aerobic fluorene oxidation was achieved with the
Feo.sMno.4(OH)y sample. In this dataset, the average of two identical experimental runs

was reported, and the standard deviation (STD) was found to be less than 4.5.
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Figure 2. Catalytic activity measurement results for FexMn1.x(OH)y catalysts in the
aerobic oxidation of fluorene to fluorenone with 10 mg loading of the catalysts

synthesized by chemical coprecipitation at 12S NaOH concentration.

3.1.2. Effect of NaOH Concentration

Upon finding the optimized iron-to-manganese mole ratio for the bimetallic
hydroxide-based catalyst, the subsequent step was to tune NaOH concentration. The
best catalyst found in the metal ratio optimization studies, (i.e., Feo.sMno4(OH)y,
synthesized through chemical coprecipitation method) was utilized while varying the
NaOH(aq) concentrations. The catalytic aerobic fluorene oxidation performance of the

catalyst with different NaOH(aq) concentrations is illustrated in Figure 3. The lowest
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and the highest concentrations of NaOH(aq) exhibit very low catalytic activities.
Similar to the case of metal loading, the activity measurements show a volcano-type
trend where the maximum catalytic performance was achieved with 12S. In this
dataset, the average of two identical experimental runs was reported, and STD was

found to be less than 3.5.
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Figure 3. Catalytic activity measurement results for FeosMno.4(OH)y catalysts in the
aerobic oxidation of fluorene to fluorenone with 10 mg loading of the catalysts
synthesized by chemical coprecipitation with various NaOH concentrations. S

represents the stoichiometric NaOH concentration (i.e., 2.06 M).
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After observing the impact of NaOH(aq) concentration on the catalytic activity of
Feo.sMno.4(OH)y samples, similar experiments were carried out where FegsMno.4(OH)y
was prepared using an alternative hydroxide source in the chemical coprecipitation
method. For this purpose, 12S concentration of KOH(aq) was utilized in the chemical
coprecipitation method. The measurements were conducted using single runs for both
10 and 15 mg loadings of FeosMnos(OH)y.As depicted in Figure 4, catalysts
synthesized using different hydroxide sources perform significantly differently in
aerobic fluorene oxidation. Notably, the catalyst synthesized with NaOH exhibits a
superior catalytic activity compared to the catalyst synthesized with KOH. The

presence of Na ions during the synthesis plays a vital role in the catalytic activity.
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Figure 4. Catalytic activity measurement results for Feo.sMno.4(OH)y-12S-6w catalysts
in the aerobic oxidation of fluorene to fluorenone with 10 and 15 mg loadings of the
catalysts synthesized by chemical coprecipitation with different hydroxide sources

(i.e., NaOH and KOH at 12S concentration).

3.1.3. Effect of Number of Washing Cycles

The influence of residual Na* and NOs" ions coming from the precursors used during
the catalyst preparation via the chemical coprecipitation was investigated. During the
optimization of previous parameters, samples were washed with deionized water in six

consecutive steps. During the investigation of the effect of the number of washing
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steps, optimized Feo.sMno4(OH)y-12S catalyst was washed with DI water for six or
nine consecutive steps. It is noteworthy that attempts to synthesize an active catalyst
with a lower number of consecutive washing cycles were unsuccessful due to the
formation of nitrate salts. Interestingly, Figure 5 shows that nine-step washing results
in lower catalytic activity in fluorene oxidation. In this dataset, the average of two
identical experimental runs was reported, and the standard deviation STD was found

to be less than 2.5.
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Figure 5. Catalytic activity measurement results for FeosMno.4(OH)y-12S catalysts in
the aerobic oxidation of fluorene to fluorenone with 10 mg loading of the catalysts

synthesized by chemical coprecipitation with different number of washing steps.
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3.1.4. Effect of the Synthesis Method

Following the optimization of three synthetic parameters, holding the optimized
parameters constant at a Fe/Mn mole ratio of Feo.sMno.4(OH)y, NaOH concentration at
12S and six washing steps, impact of the synthetic method was investigated. These
catalysts were prepared by hydrothermal method (Scheme 1) and chemical
coprecipitation method (Scheme 2). In this set of experiments, 10 mg of the catalyst
was used. Figure 6 shows that, catalyst prepared via the chemical coprecipitation
method exhibited a notably superior catalytic activity compared to the catalyst
synthesized using the hydrothermal route. In this dataset, the average of two identical

experimental runs was reported, and STD was found to be less than 2.0.
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Figure 6. Catalytic activity measurement results for Feo.sMno.4(OH)y-12S-6w catalysts
in the aerobic oxidation of fluorene to fluorenone with 10 mg loading of the catalysts
synthesized by chemical coprecipitation and hydrothermal methods. Numbers in

parentheses represent the synthesis temperature in °C.
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3.1.5. Optimization of the Catalytic Reaction Conditions

Having successfully completed the optimization of the catalyst through meticulous
control of synthetic parameters, catalytic activity measurements were conducted at
various reaction temperatures and with different amounts of catalyst loadings. As
summarized in Figure 7, elevating the reaction temperature leads to higher conversion
while lower temperatures result in decreased catalytic activity. Notably, increasing the
amount of catalyst increases the conversion. With 20 mg of the FegsMno.4(OH)y-12S-
6w catalyst at 80 °C full conversion of fluorene to fluorenone was achieved. In this
dataset, the average of two identical experimental runs was reported, and STD was

found to be less than 2.5.
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Figure 7. Catalytic activity measurement results for Feo.sMno.4(OH)y-12S-6w catalysts
synthesized by chemical coprecipitation in the aerobic oxidation of fluorene to

fluorenone with different catalyst loadings and different reaction temperatures.
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3.1.6. Time-Dependent Catalytic Activity Measurements

Time-dependent catalytic activity measurements were carried out in order to
investigate the effect of time on catalytic conversion. All of the aforementioned
optimization measurements for catalytic activity were executed with a duration of 24
h. For this set of catalytic activity measurements, in identical separate Schlenk tubes
20 mg of the optimized FeoeMnos (OH)y-12-6w along with the catalytic mixture
containing 0.5 mmol of fluorene and 2 ml of heptane was heated to 80 °C. Then, the
reactions were stopped at 6, 12, 18 and 24 h. Similar to other measurements, catalytic
activity was quantified using *H-NMR Spectroscopy. The reported catalytic activity
values were obtained from measurements conducted in single-run experiments. The
results of the time-dependent catalytic performance measurements (Figure 8) with the
optimized FeosMno4(OH)y-12-6w catalyst indicated that reaction proceeds rapidly,
with over 75% conversion achieved within the first 6 h. Remarkably, even after 12 h,
the reaction reaches its maximum conversion. The plateau behavior can be explained
through a widely recognized phenomenon: catalyst poisoning. Adsorbed reactants on
the surface occupies the active sites, leading to catalytic activity to be lost. Moreover,

it is highly likely that the surface undergoes changes under these conditions.
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Figure 8. Time dependence of the catalytic conversion values for the oxidation of
fluorene to fluorenone with Feo.6Mno.4(OH)y-12-6w, 1 bar O2(g) and 2 mL of n-heptane

were used. The conversion values were determined by *H-NMRspectroscopy.
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3.1.7. Kinetic Isotope Effect Experiments

In pursuit of unraveling the rate-determining step of the catalytic oxidation of fluorene
reaction, Kinetic isotope effect experiments were conducted. A 1:1 mixture of fluorene
and isotopically labeled fluorene-d> (9) were used in the optimized aerobic oxidation
reaction with 20 mg of FegsMno.4(OH)y-12-6w. The reaction was stopped after 10min
corresponding to ca. 10% conversion to stay in the kinetic region. The non-deuterated
to deuterated reaction rate constants were employed to calculate kn/kp. The reaction
yield which was determined by 'H-NMR was found to be 10% when 1,3,5-
trimethoxybenzene was used as an internal standard under the specified optimum
conditions. As depicted in Figure 9, comprehensive calculations yielded a kn/kp value
of 2.4. This relatively small kinetic isotope effect signifies the importance of basic sites
on the catalyst surface indicating the prevalence of a pKa dependent mechanism. 44
As demonstrated in both our own research and previous studies in the literature, the
Nio.sMno.4(OH)y-9S catalyst exhibited a kn/kp value of 5.7 128! indicating a primary
kinetic isotope effect where the cleavage of the C-H bond was the rate-determining
step. 551 However, with optimized FeosMno4(OH),-12-6w catalyst does not exhibit a
similar mechanism and the rate determining step may not be the cleavage of the C-H

bond.
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Figure 9. Kinetic Isotope Effect Experiments in Aerobic Fluorene Oxidation using
optimized Feo.sMno4(OH)y-12-6w with 0.25 mmol of fluorene and 0.25 mmol of

isotopically labeled fluorene-d2(9) in 2 mL heptane.

3.2. Characterization and Spectroscopic Studies

In the earlier sections, we have shown that bimetallic iron-manganese hydroxide-based
catalysts can be systematically fined tuned with synthetic parameters to obtain
enhanced catalytic activity in fluorene reaction. Within this section, we aim to present
experimental findings that elucidate the structural origins of enhanced catalytic
activity of iron-manganese hydroxide in C-H activation. Various characterization
techniques including XPS, XRD, BET-SSA, ICP-MS and XANES were employed to

unravel the structural properties of this bimetallic hydroxide catalyst system.
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3.2.1. Thermal Stability Analysis via TGA Measurements

TGA is a very informative technique in preventing catalyst degradation during
annealing processes such as regeneration and pretreatment protocols. As illustrated in
Figure 10 there exist 4 different weight loss stages during the thermal treatment of the
optimized Feo.sMno.4(OH)y-12S-6w catalyst. The first stage results in a weight loss of
6.3% at 100 °C, followed by a second stage resulting in a 5.3% weight reduction at
280 °C. The last two stages exhibit weight losses of 4.1% and 1.1% at 480 °C and 795
°C, respectively. Former studies in literature guide us to gain insights into the
underlying mechanisms responsible for these four distinct stages of weight loss. The
initial and second stages can be related to direct removal of the chemisorbed water
molecules from the catalyst’s surface and the physiosorbed water molecules due to
partial conversion of hydroxide structures to oxy-hydroxide structures. The third stage
is associated with the completion of oxy-hydroxide structure formation and the onset
of the dehydroxylation process. The mass reduction observed in the fourth stage
signifies the complete conversion and dehydroxylation of oxy-hydroxide structures

into oxide structures. [5671

Based on the insights obtained from the TGA analysis, regeneration protocols were
conducted at 300 °C (following the second stage), and pretreatment for N2-adsorption
desorption (BET) measurements was conducted at 130 °C. These steps were taken to

ensure the preservation of the structural integrity of the hydroxide material.
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Figure 10. TGA analysis of the optimized FeosMno4(OH)y-12S-6w catalyst.

3.2.2. Influence of nre/nvn on Specific Surface Area & Crystal Structure

of Catalysts

Figure 11(a) illustrates the specific surface area (SSA), while Figure 11(b) elucidates
the impact of nominal Fe:Mn loading on the crystal structure of the FexMn-x(OH)y
samples synthesized with a NaOH(aq) concentration of 12S. It is evident that the
monometallic Mn(OH)y structure exhibits a well-ordered crystal structure with the
largest crystal particles having the lowest SSA. In contrast, the other benchmark
monometallic Fe(OH)y catalyst presents a relatively large SSA with almost an
amorphous structure. Increasing the manganese loading in the hydroxide-based
catalyst structures correlates with an increase in the crystallinity of the materials. This

trend is further reflected in the SSA measurements, where an increase in manganese
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loading leads to a reduction in SSA, attributed to the formation of ordered, low surface
area structures. Note that, iron oxide/hydroxide structures may reveal SSA values
ranging between 14 and 304 m?/g depending on the corresponding synthetic route.5758l
On the other hand, manganese oxide/hydroxide structures typically exhibit SSA values
ranging from 17 to >150 m?/g. B8 |n the case of binary structures, SSA values were
reported to vary from 1.5 to 90 m?/g. 62-661 Qur studies show that remarkably, the best
working catalyst (i.e., FeosMno.4(OH)y-12S-6w) demonstrates an unusually low SSA
of 68 m?/g. When compared to its closest metal loadings, namely FeosMnos(OH),-12-
6w and Feog7Mno.3(OH)y-12S-6w, the optimal catalyst shows a broad peak around 15°

possibly indicating the formation of a new highly disordered catalytically active phase.
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Figure 11. a) BET SSA values for FexMn(1-x(OH)y catalysts. b) XRD data for FexMn -
x(OH)y catalysts. Catalysts were synthesized via chemical coprecipitation at 12S

NaOH(aq) concentration using various Fe and Mn precursor amounts.
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3.2.3. Crystal Structure of Benchmark Monometallic Materials:

Mn(OH)y and Fe(OH)y

In order to understand the crystal structure of the bimetallic catalysts, a comprehensive
analysis of the monometallic benchmark hydroxide structures is crucial. Figure 12
illustrates the X-Ray diffraction patterns of these two benchmark structures,
accompanied by their corresponding reference XRD cards provided by the
International Centre for Diffraction Database (ICDD). Currently synthesized Mn(OH)y
benchmark sample exhibits a crystal structure that constitutes a combination of
Mn(OH)2 and Mn304 (Figure 12a) whereas Fe(OH)y exhibits a mixture of Fe(OH)z and

Fe(l11)oxy-hydroxide phases (Figure 12b).
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Figure 12. XRD data for a) Mn(OH)y and b) Fe(OH)y catalysts with reference cards
from ICDD database. Catalysts were synthesized by chemical coprecipitation at 12S

NaOH(aq) concentration.
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3.2.4. Influence of NaOH(aq) Concentration on the Specific Surface Area

of Catalysts

Figure 13(a) illustrates the specific surface area, Figure 13(b) depicts the influence of
NaOH concentration on catalytic activity, and Figure 13(c) presents the XRD Data of
Feo.sMno.4(OH)y samples synthesized using various NaOH(aq) concentrations: 1S, 3S,
6S, 9S, 12S and 15S. The lowest conversion observed for 1S samples might be
explained by insufficient concentration of NaOH, which is primarily used for
neutralization in the acidic medium due to presence of acidic metal precursors. In the
cases of 3S, 6S, 9S, 12S the amount of NaOH used in the synthesis was sufficient to
construct a disordered iron-manganese hydroxide lattice. However, with 15S the
excessive amount of NaOH resulted in the formation of a crystalline catalyst with the

largest crystals.

Based on the XRD data (Figure 13c), a general trend can be observed where, as the
NaOH concentration increases, the catalyst samples shift from low-order, high SSA
materials to well-ordered, low SSA materials, except for 15S. The anomaly in the 15S
samples might be explained by the appearance of additional peaks at 17, 30 42, 52°,

indicating the formation of a new, inactive, high SSA phase.
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Figure 13. a) BET SSA values b) Catalytic activity measurements c) XRD data for
Feo.sMno.4(OH)y-nS-6w catalysts with various NaOHq) concentration. Catalysts were

synthesized by chemical coprecipitation.

3.2.5. Verification of Bulk nre/nvn Stoichiometry via ICP-MS

ICP-MS measurements were carried out to gather information about the relative metal
loadings in the bulk compositions of the synthesized catalysts. Figure 14 illustrates the
comparison between nominal and experimental Fe:Mn loadings. It is apparent that the
experimentally determined nre/nmn ratios differ from the nominal values. These
deviations could potentially indicate the presence of additional phases such as oxides
(MOX/M*™M*0x), hydroxides (MOH/M(OH)2/M(OH)3) or oxyhydroxides
(MOOH/M*?00H/M*™00H /M*2M*00H) where M represents Fe and Mn. These
findings are consistent with the XRD data, which also indicate the presence of

additional phases.
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Figure 14. The Fe:Mn atomic ratios determined from ICP-MS measurements of
FexMn(1x)(OH)y-12S-6w catalysts are depicted by the blue columns, while the orange

columns represent the nominal Fe:Mn atomic ratios.
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3.2.6. Verification of Surface nre/nvn Stoichiometry via XPS

The surface atomic composition of the bimetallic iron-manganese hydroxide structures
was studied via XPS for various metal loadings. Figure 15 illustrates the comparison
between nominal and experimental Fe:Mn atomic loadings. Compared to its bulk, the

surface elemental composition is much more comparable to the nominal ratio on the

surface.
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Figure 15. Comparison of Fe:Mn atomic ratios between nominal (represented by
orange columns) and experimentally determined values obtained from XPS

measurements (represented by blue columns) for FexMn1.x)(OH)y-12S-6w catalysts .
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3.2.7. Chemical and Electronic Structural Analysis of the Catalyst

Surfaces via XPS

XPS measurements confirm the presence of Fe and Mn atoms on the synthesized
catalysts. Figure 16, Figure 17 and Figure 18 show the surface atomic composition

values for the samples synthesized with different synthetic parameters.

In Figure 16, the impact of nominal Fe:Mn loading on surface atomic compositions is
depicted. The surface concentration of Fe atoms increases as the nominal Fe precursor

loading increased during the synthesis. A similar trend is observed for Mn.
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Figure 16. XPS surface atomic composition values for FexMnix(OH)y catalysts
synthesized by chemical coprecipitation at 12S NaOH concentration with various Fe

and Mn loadings.
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Figure 17 illustrates the influence of NaOH concentration used in the synthesis on
surface atomic compositions. The surface atomic compositions of elements present on
the catalysts do not exhibit a clear trend when NaOH concentration is varied during
the synthesis. However, notably high amount of Na atoms is solely detected on the

surface of the 12S catalyst.
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Figure 17. XPS surface atomic composition values for FeosMn o4(OH)y catalysts
synthesized by chemical coprecipitation with various NaOH concentrations. S

represents the stoichiometric NaOH concentration (i.e., 2.06 M).

Figure 18 displays the effect of the number of washing steps on the catalyst's surface.
Similar to the case of NaOH concentration, the number of washing cycles does not

exhibit a clear trend in the surface atomic compositions of the elements. However, it

45



Is evident that an increase in the number of washing cycles leads to a reduction in the

surface Na% concentration.
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Figure 18. XPS surface atomic composition values for FeosMn 0.4(OH)y catalysts

synthesized by chemical coprecipitation with different number of washing cycles.

Remarkably, all of these XPS measurements indicate that on the optimal best-working
catalyst (i.e., FeosMno4(OH)y-12S-6w), a notably high amount (11%) of Na was
detected. The effect of sodium atoms on the catalytic activity and the oxidation state

of the metals will be discussed in the forthcoming sections.
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3.2.8. Surface Oxidation State of the Metals via XPS

To gain further insights into how the oxidation states of Fe and Mn change for catalysts
with different synthetic parameters, the most intense and commonly utilized XPS
peaks for both metals are found in the 2p spectra. Figure 19 illustrates typical Fe2p XP
spectra of fresh and sputtered Fe,Os obtained from the literature. 71 It has been
observed in the literature that Fe2ps/, peaks appearing at lower binding energies (B.E.)
(around 706-708 eV) are characteristic of metallic Fe species, while signals at 710 eV
signify the presence of Fe?* species. Peaks at relatively higher B.E., around 711-712
eV, are observed due to Fe®* species. Similar information regarding Mn can be inferred
from previous studies (Figure 20(a)). Mn2ps/2 signals at 640 eV indicate the presence
of Mn?* species, while Mn3* species are observed at binding energies 1-2 eV higher.

Structures containing Mn** exhibit characteristic Mn2ps, signals at 644 eV.[5]
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Figure 19. Fe2p XP spectra for fresh and sputtered Fe.O3 obtained from Ref. 69.
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Figure 20. a) Mn2p XP spectra for MnixFexO2 samples 71 b) Mn3s splitting as

function of the formal valence of Mn ionsl7 from the literature.

Furthermore, literature studies have demonstrated that the Mn3s spectra can offer
valuable insights into oxidation states. "* The Mn3s spectra are particularly responsive
to changes in oxidation state due to spin-spin interactions between 3s-3d core level
electrons. Galakhov et al. presented the variation in Mn3s peak splitting corresponding
to different manganese oxidation states (Figure 20(b)).” By employing a linear fit of
the provided spectra, a relationship between oxidation state and splitting values has
been established in the literature. The formula Average Oxidation State (AOS) = 8.95
- 1.13A can be utilized to calculate the oxidation state of the Mn species when the

corresponding splitting value (i.e., A) is inserted to the equation.

Based on the information acquired from the literature, a detailed and comprehensive

XPS analysis has been conducted to elucidate the oxidation states of both Fe and Mn,
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encompassing various synthetic parameters. Figure 21 illustrates the impact of
nominal Fe:Mn loading on the oxidation states of Fe and Mn. The Fe2p XP spectra
(Figure 21(a)), characterized by distinctive 2p12 and 2ps2 peaks at 724.4 and 711 eV,
respectively, serve as clear indicators of Fe®* species. Notably, the presence of lower
intensity peaks around 710 eV suggests the coexistence of Fe?* species on the catalyst
surface, with prevailing dominance of Fe** species. Moreover, it has been observed
that variations in the nominal metal precursor loading during synthesis yield no

significant effect on the Fe oxidation state.

Likewise, the Mn2p XP spectra (Figure 21(b), exhibiting discernible 2p1»> and 2pa..
peaks positioned at 653.3 and 641.9 eV, predominantly signify the prevalence of Mn®*
species, with a minor presence of Mn?* species. Analogous to the Fe2p spectra,
changes in the nominal metal loading exhibit negligible impact on the oxidation state

of Mn.
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Figure 21. a) Fe2p b) Mn2p spectra for FexMn1x(OH)y catalysts synthesized by
chemical coprecipitation at 12S NaOH (i.e., 24 M) and 6 wash with various Fe and

Mn loadings.
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A similar investigation was carried out for the samples synthesized with various NaOH

concentrations and number of washing steps. Figure 22(a) illustrates the influence of

NaOH concentration on the Fe2p and Mn2p XP spectra, while Figure 22(b) depicts

the impact of the number of washing steps on the corresponding spectra. Associated

surface atomic Na% compositions are also provided in parentheses. Interestingly, a

significant presence of Na on the surface of the best catalyst (i.e., Feo.sMno.4(OH)y -

12S-6w) results in a decrease in the oxidation state of both Fe and Mn. The decrease

in the oxidation states can be justified by the 0.6-0.7 eV red shift in the corresponding

B.E. values.
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Figure 22. a) Fe2p b) Mn2p XP spectra for FeosMn 04(OH)y-6 wash catalysts

synthesized by chemical coprecipitation with various NaOH concentrations. S

represents the stoichiometric NaOH concentration (i.e., 2.06 M).
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Figure 23. a) Fe2p b) Mn2p XP spectra for Feo.sMn 0.4(OH)y catalysts synthesized by
chemical coprecipitation at 12S NaOH (i.e., 24 M) with different number of washing

cycles.

In an attempt to unravel the Mn oxidation state, a careful analysis of the Mn 3s spectra
was made. Employing the formula discussed above (AOS = 8.95-1.13A), the average
oxidation state values were calculated. Figure 24(a), Figure 25(a) and Figure 26(a)
show the Mn3s spectra of catalysts with different synthetic parameters. Figure 24(b),
Figure 25(b), and Figure 26(b) show the change of Mn oxidation state calculated by
the AOS formula with respect to the investigated synthetic parameters. All the
calculated Mn oxidation state values lie between +2.0 and +3.0. In good agreement
with the Mn2p XP spectra. Analysis of the Mn3s XP spectra shows that Na promotion
on the surface of the catalysts causes a decrease in the Mn oxidation state. The best-

working catalyst shows a unique Mn oxidation state of +2.6.
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Figure 24. a) Fe3s and Mn3s spectra, b) calculated average oxidation states (AQS) for

FexMn1.x(OH)y catalysts synthesized by chemical coprecipitation at 12S NaOH (i.e.,

24 M) and 6 wash with various Fe and Mn loadings.
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Figure 25. a) Fe3s and Mn3s spectra, b) calculated average oxidation states (AQS) for
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Figure 26. a) Fe3s and Mn3s spectra, b) calculated average oxidation states (AQS) for
Feo.sMno.4(OH)y catalysts synthesized by chemical coprecipitation at 12S NaOH (i.e.,

24 M) with different number of washing steps.

3.2.9. Promotional effect of Na Residues on Catalytic Activity

After noticing high amounts of Na atoms on the surface of the optimal catalyst, we
focused on the effect of Na residues on the catalytic activity. Figure 27 and illustrates
the Nals XP spectra for the catalysts with different metal loadings and synthesized
with various concentrations of NaOH along with the catalytic activity measurements.
Figure 27 also reports the atomic Na% on the surface calculated from the XPS
measurements. Figure 28 shows the Nals XP spectra for the samples with different
subsequent washing steps. Careful analysis of the XPS data reveals that the surface Na
concentration has a remarkable effect on the catalytic activity through electron

promotion to the metals.
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Figure 27. Nals XP spectra for a) FexMn1x(OH)y catalysts synthesized by chemical
coprecipitation at 12S NaOH (i.e., 24 M) and 6 wash with various Fe and Mn loadings.
b) Corresponding fluorene aerobic oxidation conversion values of part a. c)
Feo.sMno.4(OH)y catalysts synthesized by chemical coprecipitation with various NaOH
concentrations d) Corresponding fluorene conversion values part c¢. (Numbers in

parentheses represent the surface atomic Na% on the catalysts.)
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Figure 28. a) Nals XP spectra (numbers in parentheses represent the surface atomic
Na% on the catalysts) and b) catalytic fluorene aerobic oxidation conversion values
for FeosMno4(OH)y catalysts synthesized by chemical coprecipitation at 12S NaOH

(i.e., 24 M) with different number of washing steps.

3.2.10. Chemical and Electronic Structural Analysis of the Bulk Structure

via XPS Measurements via XANES Measurements

For a more comprehensive understanding of the bulk electronic structure of the
synthesized catalysts, X-ray absorption near-edge structure (XANES) measurements
were carried out. In X-ray absorption spectroscopy, the pre-edge region is typically
employed to elucidate 1s — 3d transitions, while the K-edge (main line) corresponds
to the 1s — 4s and crest (1s — 4p) transitions. 2731 The inflection point of the main
line serves as the edge energy. Edges are observed when a core electron absorbs
sufficient energy equal to or greater than its binding energy. Consequently, XANES
measurements exhibit sensitivity to changes in the oxidation state of the elements.
Through these experiments, our objective was to assess the bulk oxidation states of Fe
and Mn in relation to changes in elemental composition and the amount of NaOH used

during synthesis.
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Figure 29 shows the XANES spectra for Fe and K-edges in relation to different
elemental compositions of the catalyst. As references, metallic Fe foil, Fe(NO3)s, as
well as metallic Mn foil, and Mn(NOz3). salt, were also subjected to XANES
measurements. From the normalized absorption spectra, it is evident that altering the
Fe:Mn atomic ratio during synthesis does not exhibit a significant influence on the
bulk oxidation state of both metals. All the samples exhibit an oxidation state of Fe
close to +3. In the case of Mn, all the prepared samples exhibit and oxidation state

higher than 2+.
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Figure 29. XANES Spectra of a) Fe K-edge and b)Mn K-edge for FexMn1.x(OH)y
catalysts synthesized by chemical coprecipitation at 12S NaOH (i.e., 24 M) and 6 wash

with various Fe and Mn loadings.

Figure 30 illustrates the impact of the amount of NaOH used during synthesis. It is
also seen here that Fe exhibits a bulk oxidation state slightly lower than +3, while Mn
has a bulk oxidation state greater than +2. However, when the quantity of NaOH used
during synthesis is increased, as previously noted in X-ray photoelectron spectroscopy

(XPS), both Fe and Mn edges experience a red shift, indicating a decrease in their
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corresponding bulk oxidation states. This data, coupled with the XPS results,
demonstrate that the presence of a significantly high amount of Na induces a similar
trend both in the bulk and surface oxidation states of Fe and Mn species through

electron transfer from Na to the Fe and Mn species.
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Figure 30. XANES Spectra of a) Fe K-edge and b) Mn K-edge for FeosMno.4(OH)y

catalysts synthesized by chemical coprecipitation with various NaOH concentrations.
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CHAPTER 4

4. Conclusions

In conclusion, the objective of this study was to develop a bimetallic hydroxide-based
catalytic system for aerobic C-H activation reactions. Through the careful optimization
of various synthetic parameters, such as the elemental ratio between metals, the
quantity of NaOH used during synthesis, and the number of repetitive washing cycles,
we identified that FeoesMno.4(OH)y, synthesized with a 12S NaOH concentration
(equivalent to 24.7 Molar NaOH), proved to be the most effective catalyst.
Characterization and spectroscopic analyses revealed that the optimized catalyst
exhibited a unique Mn surface oxidation state (approximately Mn 25%), while the
surface Fe cationic sites comprised both Fe** and Fe?" species, with Fe3* being the
dominant species. Remarkably, the optimized catalyst exhibited an unusually low
specific surface area of 68 m?/g. Regarding its crystal structure, the optimized catalyst
displayed a relatively disordered and defective structure consisting of bimetallic
hydroxides alongside additional oxide/oxyhydroxide phases. Additionally, the
presence of significantly high levels of residual Na* surface species, facilitating
electronic promotion of cationic active sites through electron donation showed a
crucial boost on the performance of the catalyst in aerobic oxidation of fluorene to

fluorenone.
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